ABSTRACT Mitochondrial chaperones have multiple functions that are essential for proper functioning of mitochondria. In the human-pathogenic protist Trypanosoma brucei, we demonstrate a novel function of the highly conserved machinery composed of mitochondrial heat shock proteins 70 and 40 (mtHsp70/mtHsp40) and the ATP exchange factor Mge1. The mitochondrial DNA of T. brucei, also known as kinetoplast DNA (kDNA), is represented by a single catenated network composed of thousands of minicircles and dozens of maxicircles packed into an electron-dense kDNA disk. The chaperones mtHsp70 and mtHsp40 and their cofactor Mge1 are uniformly distributed throughout the single mitochondrial network and are all essential for the parasite. Following RNA interference (RNAi)-mediated depletion of each of these proteins, the kDNA network shrinks and eventually disappears. Ultrastructural analysis of cells depleted for mtHsp70 or mtHsp40 revealed that the otherwise compact kDNA network becomes severely compromised, a consequence of decreased maxicircle and minicircle copy numbers. Moreover, we show that the replication of minicircles is impaired, although the lack of these proteins has a bigger impact on the less abundant maxicircles. We provide additional evidence that these chaperones are indispensable for the maintenance and replication of kDNA, in addition to their already known functions in Fe-S cluster synthesis and protein import.
T he mitochondrion is a center of numerous essential metabolic processes of a typical eukaryotic cell. From the genomic content of its proteobacterial predecessor, the mitochondrion retained only a few genes, such as those coding for subunits of respiratory chain complexes and ribosomal proteins, while majority of its original coding capacity was transferred to the nucleus. In humans, impairment or loss of mitochondrial (mt) DNA (mtDNA) is associated with mt dysfunction and a wide range of neural, muscular, and other diseases (1) (2) (3) (4) (5) . Therefore, understanding the maintenance and replication of mtDNA is of fundamental importance.
Mitochondrial Hsp70 (mtHsp70) and mtHsp40 are organellar versions of heat shock proteins 70 and 40. Interestingly, mtHsp70 is more closely related to the DnaK bacterial homologue than to its eukaryotic cytosolic counterparts (6) . A typical mitochondrion contains a single type of Hsp70 (7) , which takes part in several essential processes, such as folding of newly synthesized as well as tide exchange factor indispensable for all processes in which mtHsp70 is involved (17) (18) (19) . Its primary function is to release ADP from mtHsp70, thus ensuring its conformational cycling. The J proteins constitute another group of interacting partners of mtHsp70 with specialized tasks. These homologues of the bacterial DnaJ protein contain so-called J and Zn-finger domains, which provide the specificity of each reaction (20) . For example, in the yeast Saccharomyces cerevisiae, mtHsp40 (Mdj1; Table 1 ) is involved in protein folding (8) , and Jac1 is essential for Fe-S cluster biogenesis (11) , whereas the truncated Pam16 and Pam18, containing only the J domain, act in protein transport (21) .
There are three copies of mtHsp70 in the T. brucei genome which are 100% identical on the amino acid level (22) . In comparison, the S. cerevisiae genome also contains three paralogs of Hsp70, labeled Ssc1, Ssq1, and Ecm10, which differ in both sequence and function (Table 1) (8) . It seems that in S. cerevisiae, Ssc1 took over most functions associated with mtHsp70, while Ssq1 specializes in functions related to Fe-S cluster biogenesis (23) . Finally, the exact function of Ecm10, which localizes into the mt nucleoids and whose overexpression induces aggregation of mtDNA (24) , remains to be determined, but it seems to overlap that of Ssc1 (25) .
The association with mtDNA is one of the least understood properties of mtHsp70. The conjecture that the mtHsp70/ mtHsp40 machinery has an important role in mtDNA replication and maintenance comes from studies of both the prokaryotic and mitochondrial systems. The prokaryotic paralog of mtHsp70, DnaK, acts in the replication of Escherichia coli chromosomal DNA (26) , and machinery composed of DnaK, DnaJ, and GrpE was shown to be involved in both plasmid DNA replication (27) and bacteriophage DNA replication (28) . Moreover, all three E. coli DnaJ paralogs of the mtHsp40 proteins are able to bind DNA (29) .
In eukaryotes, several lines of evidence suggest that there is a physical and functional connection between mtDNA and the mtHsp70 machinery. MtHsp70 was identified as part of the mtDNA nucleoid in the yeast Kluyveromyces lactis (30) and in human cells (31, 32) , while it is the Ecm10 paralog (24) and a portion of Ssc1 that localize to the mt nucleoid in S. cerevisiae (33) . In kinetoplastid flagellates Trypanosoma cruzi (34) and Crithidia fasciculata, mtHsp70 colocalizes with the condensed mtDNA network (35) . Following a heat shock in S. cerevisiae, the mtHsp70/ mtHsp40 machinery was shown to facilitate the protection of organellar DNA via stabilizing the activities of mtDNA maintenance proteins, such as the mtDNA polymerase (36, 37) . The deletion of Mdj1 transforms yeast cells even under normal physiological conditions into petite mutants with nonfunctional (rho-negative [rho Ϫ ]) mtDNA (36) . Similar results were reported for the mammalian Tid1 protein (Table 1) , which also localizes to mt nucleoids in human cells (38) . Its deficiency in mice leads to the reduction of mtDNA, causing cardiomyopathy (39) . Recently, Mdj1 was shown to directly bind mtDNA in yeast and to possibly act to recruit Ssc1 to the mt nucleoid (33) .
T. brucei, the causative agent of a lethal human sleeping sickness in Africa (40) , is a suitable model for studying the relationship between mtHsp70 and mtHsp40 on one side and mtDNA on the other, as this early-branching protist bears a single large mitochondrion per cell and its extensive mtDNA network is concentrated into a single, ultrastructurally prominent structure called kinetoplast DNA (kDNA). Unlike most eukaryotes, which replicate their mtDNA throughout the cell cycle, kDNA replicates and segregates into daughter networks during a defined time frame prior to nuclear division (41, 42) .
The kDNA is an intricate structure composed of two types of circular DNA molecules: maxicircles, which exist in dozens of identical copies and carry protein-coding genes and 9S and 12S mitoribosomal RNAs, and minicircles, which differ in sequence and are present in thousands of copies (43) . Minicircles encode an extremely wide variety of guide (g) RNA genes, which provide information for the multiple insertions and/or deletions of uridines in mt transcripts via the process of RNA editing (44, 45) . In T. brucei and related trypanosomatid flagellates, maxicircles and minicircles are interlocked into a single highly compact DNA network and attached via the tripartite attachment complex to the basal body of the single flagellum (46) . The structure and replication of kDNA have been well studied, and extensive protein machinery related to these processes has been described (43) .
In this study, we show that the mtHsp70/mtHsp40 machinery in T. brucei is an important component of the kDNA replication and maintenance apparatus, with cells lacking these chaperones being unable to faithfully propagate their kDNA. The mtHsp70, mtHsp40, and Mge1 proteins colocalize throughout the mt lumen, and their RNA interference (RNAi)-mediated depletion has a massive impact on both kDNA maxicircles and kDNA minicircles. Moreover, we provide evidence that this indispensable role of the mtHsp70/mtHsp40 machinery is independent of other functions of mtHsp70 in Fe-S cluster synthesis and protein import described so far. 
RESULTS
mtHsp70/mtHsp40 machinery. The T. brucei mitochondrion contains three copies of mtHsp70 in its nuclear genome (7, 22, 47) . However, since their predicted amino acid sequences are identical, the situation is reminiscent of most other eukaryotes which harbor a single mtHsp70 (7) . These genes are products of duplication, as they are all situated in a single tandem array (T. brucei 927.6.3740 [Tb927. 6 .3740], Tb927.6.3750, and Tb927.6.3800) (48) . On the basis of an in silico prediction, they have somewhat different 5= and 3= untranslated regions (data not shown); however, there is no experimental evidence on whether these differences are functional. The amplification of the mtHsp70 genes is apparently a rather frequent event in kinetoplastids with a full genome sequence available, in which the copy number ranges from 2 to 6 depending on the species (48) (49) (50) . The other two proteins of the machinery, mtHsp40 and Mge1, were identified using S. cerevisiae and human mtHsp40 and Mge1 protein sequences as queries for a search of the T. brucei genome. Using both simple BLAST and HMMER searches, genes Tb927.9.12730 and Tb927. 6 .2170 have been identified, respectively. According to the Mitoprot and TargetP programs, their N termini are predicted to carry an mt import signal, and the respective proteins were indeed found in the mitoproteome of T. brucei (51) .
MtHsp70/mtHsp40 machinery is important for cell viability. Functional analysis of all three proteins (mtHsp70, mtHsp40, and Mge1) was initiated using RNAi-mediated depletion, which revealed that they are all essential for the growth of the procyclic stage of T. brucei (Fig. 1 ). This life cycle stage is particularly suitable for functional analysis of mt proteins with a conserved function, as its organelle has activity and function comparable with those of most other single-cell and multicellular eukaryotes (52) . As often reported in T. brucei, some cells eventually become resistant to RNAi, resulting in a recovery phenotype, as was the case for mtHsp70 RNAi a few days after induction ( Fig. 1A and B) . A comparison of two mtHsp70 RNAi cell lines, generated using different RNAi vectors (see Materials and Methods), showed a significant growth difference after RNAi induction. The first cell line had moderate growth and recovery phenotypes starting on days 2 and 4 after RNAi induction, respectively (Fig. 1B) . The second cell line produced a more severe growth phenotype which had already commenced on day 1, with the recovery phenotype emerging on day 6 after RNAi induction (Fig. 1A) (14) . The ablation of Mge1 resulted in a strong growth defect that became apparent 2 days after RNAi induction and from which the cells did not recover (Fig. 1E) . Depletion of mtHsp70 or Mge1 caused division arrest quite early (Fig. 1A, B , and E) and was possibly due to several processes being affected. In contrast, ablation of the mtHsp40 protein (either wild type or protein C epitope-tobacco etch virusprotein A epitope [PTP] tagged) showed a milder growth arrest ( Fig. 1C and D) , comparable to that seen with depletion of known kDNA replication proteins (53) (54) (55) (56) (57) .
The efficiency of RNAi-mediated downregulation of all studied proteins was determined by Western blot analysis (Fig. 1B, D , and E). Using specific antibodies against the T. brucei mtHsp70 protein, we showed that the target was significantly depleted on day 2, became undetectable on day 4, and reappeared following day 6 after RNAi induction (Fig. 1B) . The same approach was used to follow the level of Mge1, which was already undetectable on day 2 of RNAi induction (Fig. 1E ). In the absence of a specific antibody, the depletion of mtHsp40 was checked in a cell line engineered to endogenously express the PTP-tagged mtHsp40 protein from a single allele. The tagged cell line behaved the same as the parental knockdown cells (Fig. 1C) , with the tagged protein being efficiently depleted (Fig. 1D) . In these cells, PTP-tagged mtHsp40 was hardly detectable on day 2 and was undetectable by the 6th day of RNAi (Fig. 1D) .
Localization of mtHsp70/mtHsp40 machinery. Subcellular localization of the studied proteins was assayed by immunofluorescence using monoclonal anti-mtHsp70 antibody (58) as well as anti-protein A antibody, which allowed visualization of the PTPtagged versions of mtHsp70, mtHsp40, and Mge1. In all cases, the whole reticulated mitochondrion was stained, showing colocalization with the mt marker Mitotracker Red (Fig. 2) . The DAPI (4=,6-diamidino-2-phenylindole) staining, which prominently labels kDNA, further confirmed the identity of the organelle (Fig. 2) . Next, we wondered whether localization of these proteins was subject to changes in response to the cell cycle of procyclic T. brucei, as recently described for another kDNA replication protein (59) . However, using immunofluorescence microscopy, no major alterations were observed (data not shown). Depletion of mtHsp70 or mtHsp40 leads to kDNA loss. Since there is a physical connection between mtHsp40 and the mtDNA in yeast and mammals, we wondered whether ablation of this protein might cause any defects in the structure of kDNA. For that purpose, both fluorescence and transmission electron microscopy (TEM) were used. Indeed, after depletion of mtHsp70, mtHsp40, or Mge1, cells lost their kDNA, as revealed by DAPI staining (Fig. 3) . Per time point of the RNAi induction, at least 300 individual cells were counted under a fluorescence microscope and divided into three categories: (i) those with normal kDNA (standard-size kDNA networks, with the DAPI signal stronger than the nuclear one); (ii) those with small kDNA (networks with at least half-size kDNA, the signal of which was weaker than that of the nucleus); and (iii) cells totally lacking kDNA (no DAPI signal other than the nuclear one could be observed). Multiple focal planes were checked, and differential interference contrast was used to confirm the cellular integrity of all analyzed cells. Examples of standard kDNA and small kDNA are shown in Fig. 3F and G, respectively.
The phenotype observed in the "moderate" mtHsp70 cell line commenced on day 2 after RNAi induction, featuring 62% flagellates with small kDNA. On the following day, the proportion of cells containing diminished kDNA grew to 75%, and, on day 4, up to 16% of trypanosomes lost the kDNA altogether (Fig. 3B) . The phenotype observed in the "severe" mtHsp70 RNAi cell line was comparable, with 10% of cells already carrying small kDNA on day 1 after RNAi was triggered. Within the following 24 h, the proportion of cells containing small kDNA grew to 65%, and 5% of cells lacked kDNA altogether, becoming so-called akinetoplastic flagellates. On days 4 and 6 after RNAi induction, the culture stabilized at 50% and 30% of cells with small and no kDNA, respectively (Fig. 3A) . In trypanosomes exhibiting RNAi depletion for mtHsp40, the reduction of kDNA started on day 4, in parallel with the growth phenotype. Two days later, only 30% of cells had normal kDNA and 60% contained a diminished kDNA and, in the remaining 10% of flagellates, no kDNA was detected by DAPI staining. Finally, the culture appeared to stabilize between days 8 and 10, when only 10% to 15% of the flagellates retained wildtype-shaped kDNA, 50% to 60% of cells bore small kDNA, and over 30% had become akinetoplastic (Fig. 3C) . Similar results were observed also in the Mge1 RNAi cell line, although the phenotype was not as severe. As shown in Fig. 3E , upon RNAi induction, the number of wild-type-looking cells was steadily going down. On day 11, the fractions of cells harboring small kDNA or lacking any trace of it eventually reached equilibrium at around 10% or 30%, respectively.
Subsequently, the RNAi cell lines depleted for mtHsp70 (days 2 and 3 postinduction) or mtHsp40 (days 6 and 8 postinduction) were examined by TEM, using a high-pressure-freezing method that allowed high-quality preservation of ultrastructural features (60) . Flagellates with the "moderate" mtHsp70 phenotype were chosen in order to increase the probability of detecting any intermediate stages of the kDNA loss. As controls, wild-type cells (data not shown) and uninduced cells for both RNAi knockdowns were also subjected to detailed TEM analysis ( Fig. 4A and Fig. 5A and B). Under normal conditions, kDNA is invariably located near the basal body of the flagellum with which it is known to be physically connected (46) .
The T. brucei kDNA exists in the highly characteristic form of a homogenously electron-dense disk with clearly distinguishable edges ( Fig. 4A and Fig. 5A and B). Depletion of either mtHsp protein resulted in progressive alteration of the kDNA morphology, gradually leading to its loss. The first observed change was the loss of even electron density across the kDNA disk (Fig. 4B ), which proceeded with fading of its edges and disruption of its otherwise well-defined disk-shaped morphology with kDNA minicircles stretched taut (Fig. 4B to D, G, and H and Fig. 5E and F). These changes seemed to compromise the overall stability of the disk, as in the next stages it totally lost its structure and transformed into variously shaped but usually rounded balls of electron-dense material. The identity of the disrupted kDNA could still be convincingly confirmed due to its localization near the basal body of the flagellum and within the mt lumen ( Fig. 4E and F and Fig. 5C , D, and G). In several cases, the kDNA undergoing degradation seems to have been fragmented ( Fig. 4I and 5D ), while this phenomenon was not observable by DAPI staining. Finally, the electron-dense material disappeared and no kDNA could be found (Fig. 4J) . Interestingly, many cells were apparently able to initiate cell division even with the altered kDNA, as all described stages of kDNA loss were found in dividing cells as well (Fig. 5) .
kDNA loss is a primary phenotype following depletion of mtHsp70/mtHsp40 machinery. Since mtHsp70 has so far been associated with a number of important mt processes (8, (10) (11) (12) (13) (14) , it was necessary to establish whether the observed effect on kDNA was primary or secondary. Indeed, there are several possibilities to explain why the loss of kDNA could only be a secondary phenotype caused by the disruption of the following processes: (i) impaired protein import would deplete the kDNA replication and maintenance enzymes; (ii) overall protein stability might be com- On day 2 after RNAi induction, kDNA was still identifiable but already showed altered morphology (G and H). On day 3 after RNAi induction, some cells still contained an unequally electron-dense kDNA (B), while in most cells it had already lost its characteristic shape (D) and had turned into an amorphous electron-dense mass (F). (C and E, I and J) kDNA in cells depleted for mtHsp40. On day 6 after RNAi induction, the kDNA was extensively reduced in size (E); on day 8, it transformed into a small dense locus (C) or into multiple loci (I) or disappeared altogether (J). Arrows point at kDNA, arrowheads mark the basal bodies, and asterisks depict flagella. Scale bar, 500 nm.
promised due to missing stabilizing and folding functions of the chaperones; and (iii) replication enzymes may require Fe-S clusters for their activity. Therefore, we carefully evaluated the impact of these potential secondary phenotypes. As shown in Fig. 6E , the depletion of Tim17, an essential component of the mt protein import machinery (14, 61, 62) , did not cause kDNA loss. However, 4 days after RNAi induction, few cells were classified as containing smaller or no kDNA, their fraction never exceeded 10%, and there was no progressive trend to lose kDNA. Moreover, in cells ablated for Tim17, alterations in kDNA seemed to be the result of its fragmentation, as there was a higher (up to 10%) incidence of ancillary bodies (63) , which emerged prior to cells with small or no kDNA (Fig. 6E ). In cell lines in which other genes are targeted, ancillary bodies are exceptionally rare (data not shown).
Next, we wondered whether the depletion of mtHsp70 impacted the levels of mt matrix protein MRP2 (64) , not associated with any of its putative function. In digitonin fractions obtained from mtHsp70 RNAi cells at days 3, 4, and 7 postinduction, the amount of MRP2 (64) and localization of both mtHsp70 and MRP2 proteins remained unaltered (Fig. 6I) , and the same applied to the depletion of Mge1 (Fig. 6J) . Finally, the fate of kDNA in trypanosomes, in which one of the core components of the essential Fe-S cluster machinery was ablated, was carefully followed. Even when analyzed for 10 days following RNAi induction, no alterations of kDNA were observed in cells depleted for IscU (65) , frataxin (66) , and Isd11 (67) (Fig. 6F to H) , providing additional strong evidence for the kDNA-related phenotypes being a primary effect of the lack of mtHsp70. We confirmed that mtHsp70 is indeed important for Fe-S cluster synthesis in T. brucei, as the cluster-containing enzyme aconitase lost activity after 3 days of the presence of mtHsp70 RNAi (Fig. 6K) . The activity of threonine dehydrogenase, an enzyme lacking Fe-S clusters, was used as a control. As shown in Fig. 6L , this matrix protein remained unaffected 3 days after RNAi against mtHsp70 was triggered, a time point at which the mtHsp70 target chaperone was largely depleted and kDNA structure was declining (Fig. 1B and 2B) .
Depletion of the mtHsp70/mtHsp40 machinery does not disrupt the cell cycle. We wondered whether cells carrying abnormal kDNA as a consequence of mtHsp70 depletion are able to initiate and undergo cell division or whether the observed effects resulted from cell cycle disruption. Staining with DAPI, labeling with terminal deoxynucleotidyl transferase (TdT), and colocalization with the basal body-staining antibody YL1/2 were used as measures of progression through the cell cycle (68) . In T. brucei, the earliest cytological cell cycle event is basal body duplication, a major organizing center for morphogenesis. Moreover, cells were labeled by TdT using the Tunel assay (see Materials and Methods), in which a labeled nucleotide is incorporated into the nicked and gapped (N/G) minicircles and maxicircles present solely in the replicating kDNA (69) . It has been suggested that a system that retains these nicks and gaps in newly replicated minicircles is used by the parasite to ensure that each and every minicircle undergoes a single round of replication (70) . It is only after all minicircles contain such nicks or gaps that these DNA strand discontinuities are filled and simultaneously sealed, leading to fast disappearance of TdT labeling, and the maternal kDNA network separates into the daughter ones (43) . In an unsynchronized culture, most cells are in a 1N1K stage, which means that they contain one nucleus and one kDNA. Replication starts by duplication of the basal body, followed by the replication of kDNA. Such flagellates, labeled 1N1K* cells, contain two basal bodies and a newly replicated kDNA, which is labeled by TdT. After each kDNA minicircle and maxicircle has been replicated, the network splits, producing a 1N2K cell. Finally, the nucleus divides, and the ensuing 2N2K cell undergoes cytokinesis (59, 71) . For visualization of the T. brucei cell cycle, see Fig. S1 in the supplemental material. As kDNA replication in T. brucei cannot be synchronized, unsynchronized cultures were analyzed, with cells being individually assigned to their respective categories. In each experiment, at least 250 cells were counted per time point (Fig. 7) .
This experiment demonstrated that even cells with small kDNA or the akinetoplastic ones are still capable of progressing through the cell cycle. However, the growth of RNAi-induced try- panosomes was much slower than that of their uninduced counterparts (Fig. 1) , which is why at later time points most cells existed as 1N1K (Fig. 7A and B) .
This trend was more pronounced in the mtHsp40-depleted cells, which showed a gradual and less severe growth phenotype, than in the mtHsp70-depleted cells, which almost stopped dividing around the 2nd day after the addition of tetracycline (Fig. 1) . The total loss of kDNA detected in this experiment (Fig. 7C and  D) , as well as the pattern observed in the most abundant 1N1K cell cycle stage (Fig. 7E and F) , agrees with other data (Fig. 3) . The detection of TdT-labeled cells in the 1N1K* configuration with diminished kDNA levels ( Fig. 7G and H) means that their replication was not fully blocked. In the case of the akinetoplastic 1N2K and 2N2K cells, "2K" means that two basal bodies were detected in the absence of kDNA (Fig. 7I to L) . Overall, the results of this experiment are in good correlation with those of ultrastructural analyses, which confirmed the presence of dividing cells (two basal bodies) even with altered kDNA morphology (Fig. 5) .
Moreover, a gradual accumulation of cells with the unusual 2N1K configuration (only one basal body with normal, small, or no kDNA) was observed on days 4 and 8, peaking at about 10% on days 6 and 10 after RNAi induction for mtHsp70 and mtHsp40, respectively (data not shown). However, we have noticed a peculiar difference between these two cell lines. While the basal body and kDNA are almost invariably localized at the end of the cell in cells depleted for mtHsp70, these structures are mostly localized between the two nuclei in flagellates with downregulated mtHsp40 (data not shown). This phenotype emerged quite late after RNAi induction and was therefore likely due to secondary effects.
kDNA replication and loss in mtHsp70-and mtHsp40-depleted cells. Monitoring of the kDNA replication in cells depleted for either mtHsp70 or mtHsp40 provided similar results (Fig. 8) . The fate of the maxicircle and minicircle copy number was followed using Southern slot blot analysis (Fig. 8A and B) , and total DNA isolated from uninduced and RNAi-induced cells was used for their quantification (Fig. 8C and D) . Loss of kDNA observed by light microscopy was confirmed on the molecular level by a decline in maxicircles clearly preceding that of minicircles ( Fig. 8C and D) . Importantly, the copy number of both kDNA components decreased before the emergence of the growth phenotype and the complete depletion of the protein, indicating that kDNA loss is the primary phenotype.
In cells ablated for mtHsp70, a dramatic decline in maxicircles to 55% and 80% of the uninduced level occurred 1 and 2 days after RNAi induction, respectively, and eventually stabilized at around 25% (Fig. 8C) . The decline in minicircle levels was initially equally steep (40% were lost with 24 h of RNAi induction). However, following a short-term increase, their numbers stabilized at about 60% of the wild-type level (Fig. 8C) . The impact of mtHsp40 depletion on maxicircles was even more drastic, as they were virtually undetectable by day 6, with no recovery phenotype occurring (Fig. 8D) . Again, by day 2 of RNAi induction, before any alterations in growth and morphological changes of kDNA were noted, the levels of maxicircles and minicircles decreased by 50% and 15%, respectively. In the following days, in the virtual absence of maxicircles, minicircle numbers steadily declined to 50% of the uninduced levels (Fig. 8D) . Effect on minicircle replication intermediates. Minicircles are known to replicate free of the kDNA network, with the newly replicated progeny being then reattached, by the assistance of a complex dedicated machinery, into the doubling network (43) . In high-resolution agarose gels run in the presence of ethidium bromide, these free minicircles can be separated into the categories of covalently closed (CC) replication precursors and nicked and gapped (N/G) replication products ( Fig. 8E and F) . Despite the decrease in minicircle numbers upon mtHsp70 depletion, the amounts of free CC and N/G molecules actually increased to 260% and 170%, respectively, of the levels seen with the uninduced cells (Fig. 8G) . Ablation of mtHsp40 led to a very similar phenotype, with increases in the levels of both the CC and N/G minicircle species of up to 200% and 140%, respectively (Fig. 8H) . Moreover, we detected an increase in the number of oligomeric free minicircle catenanes, which were almost undetectable in the wildtype and uninduced cells (Fig. 8E and F) . Another important parameter, which reflects impaired kDNA replication, is the CCversus-N/G ratio. Indeed, in cells knocked down for either of the target genes, the ratio steadily grew, reaching a 1.6-fold increase of the ratio of the CC replication precursors to the N/G products ( Fig. 8I and J) .
DISCUSSION
Our goal was to understand the role of the mtHsp70/mtHsp40 machinery in mtDNA replication and maintenance. Its association with these processes was likely, since these chaperones were identified via cross-linking in the mt nucleoids of yeast and human cells (30) (31) (32) . However, the possibility that such highly abundant proteins were contaminants was not rigorously excluded. In this work, mtHsp70, mtHsp40, and Mge1 localized evenly throughout the mt lumen of the single T. brucei mitochondrion. Given their multiple putative functions, such localization is not surprising but is partially inconsistent with the literature. mtHsp70, the only chaperone for which localization data are available from kinetoplastid parasites, was localized by immuno- fluorescence microscopy within the kDNA network of Trypanosoma cruzi (34) and Crithidia fasciculata (35) . Furthermore, the same antibody generated against T. cruzi mtHsp70 selectively labeled kDNA in T. brucei as well, while in its akinetoplastic strain, the whole mitochondrion was stained (72) . However, results from Leishmania major (73) and other Leishmania spp. are fully consistent with our observations, with mtHsp70 distributed throughout the organelle (73, 74) . So far, there is no evidence for the mtHsp70/mtHsp40 machinery being subjected to dynamic localization changes during the cell cycle of T. brucei. Therefore, we propose that the T. cruzi antibody that labels the kDNA disk recognizes only a subpopulation of the mtHsp70 protein that is specifically localized within and/or in the close proximity of this structure. Since mtHsp70 and some other kDNA-binding proteins were recently found to be arginine methylated in T. brucei (75) , a plausible scenario is that the anti-T. cruzi mtHsp70 antibody specifically recognizes only mtHsp70 with this posttranslational modification. Furthermore, it is tempting to speculate that methylation might serve as a kDNA-targeting signal. Indeed, the yeast data are consistent with this interpretation, as just a portion of Ssc1 is associated with the mt nucleoids (33) .
Chaperones of the 40-kDa family (Table 1 ) also localize to the mt nucleoid in yeast and human cells (33, 38) , and Mdj1 and all three E. coli DnaJ proteins were shown to directly bind DNA, this binding being disrupted by the addition of protein substrate (29, 33) . Taken together, these data indicate that mtHsp40 is predominantly localized in the nucleoid of E. coli, yeast, and human cells, where it performs its primary function; it is only under conditions in which protein substrates become available, such as upon a heat shock, that mtHsp40 dissociates to perform its chaperone function. So far, any possible DNA binding properties of their T. brucei mtHsp40 homologue, which localizes throughout the mt lumen, remain to be determined. In yeast and mammals, the mt nucleoids are more or less evenly dispersed throughout the organellar matrix, making the chaperones available when needed. However, the T. brucei kDNA network is invariably present in the anterior parabasal region of a single tubular mitochondrion, and hence a strict DNA binding of the chaperones would be an impediment to their availability throughout the organelle in case of need. Therefore, uniform distribution of mtHsp40, with only its fraction bound to the kDNA, seems to be a more suitable solution for the flagellate.
To further dissect the relationships between the mtHsp70/ mtHsp40 machinery and mtDNA, we took advantage of unique kDNA features, such as its exceptional size, catenated structure, two types of DNA molecules, and replication only once per cell cycle (41, 42) . These features provide a robust platform for phenotypic analyses of these organellar chaperones and allow reliable quantification of the data. Depletion of mtHsp70, mtHsp40, and Mge1 invariably led to the shrinkage and eventual loss of kDNA. However, in cells ablated for Mge1, the delayed kDNA loss was likely secondary, caused by nonfunctional mtHsp70. The exceptionally compact packaging of the kDNA disk allowed us to monitor its severely compromised ultrastructure upon downregulation of mtHsp70 or mtHsp40. The initial loss of homogeneity of the disk resembles a phenotype triggered by the depletion of helicase Pif8, which was assigned a role in kDNA maintenance (76) . Several days after the induction of RNAi targeting of the studied chaperones, the kDNA disk shrinks into an irregularly shaped electron-dense structure, which eventually disappears. This phenotype is highly reminiscent of the one associated with the ablation of p38, an origin-binding protein involved in kDNA replication (53) . Although the pLew100-derived mtHsp70 RNAi cells exhibited a stronger growth phenotype, there was no substantial difference between the "severe" and "moderate" cell lines according to the results of analysis of the pattern of kDNA loss. We interpret this result as a consequence of the capacity of the RNAi-induced trypanosomes to still undergo at least two to three cell divisions before a diminution of kDNA levels can be observed. This result also suggests that the loss of kDNA may be due to dysfunctional kDNA replication rather than to degradation. Since the flagellates are still able to progress through the cell cycle despite severely altered and shrinking kDNA, its loss seems to be the primary consequence of depletion of mtHsp70 and not a secondary effect caused by cell cycle disruption.
The reduction in the copy number appeared to be more pronounced in the case of maxicircles than of minicircles. We propose that it is due to the highly conserved function of mtHsp70 and mtHsp40 from prokaryotes to mitochondria, as, in the kDNA network, maxicircles are true homologues of mtDNA. However, the dramatic ultrastructural changes of the kDNA disk eventually leading to its complete disappearance must be a consequence of the depletion of minicircles, since the dyskinetoplastic trypanosomes, which lost all maxicircles but retained minicircles, retained a kDNA disk indistinguishable in size and ultrastructure from its wild-type form (77) . This interpretation is further supported by functional studies of the Pif2 helicase, the depletion of which causes selective loss of maxicircles, and yet the size and morphology of the kDNA disk remain unaltered (78) .
Since minicircles represent the bulk of the kDNA network, its shrinkage is inevitably reflected in the decline of their copy number. However, if the reattachment of postreplication minicircles is compromised, free replication intermediates may accumulate, an effect we actually observed in cells depleted for the mtHsp70/ mtHsp40 machinery. A steep increase in the numbers of covalently closed replication precursors in parallel with a less dramatic increase in the numbers of the nicked and gapped species would be reflected in their growth ratio, direct evidence of the impaired minicircle replication seen in both RNAi cell lines (Fig. 8) . Indeed, shifts in the monitored minicircle species are compatible with the failure of minicircles released from the network to undergo replication, resulting in progressive shrinkage of the kDNA disk and the accumulation of free minicircles. It is worth noting that, in the first days of RNAi induction, minicircle replication was not completely inhibited but instead slowed down, since newly replicated DNA was detected via TdT labeling in the diminishing kDNA networks.
Overall, the consequences for kDNA of the mtHsp70 and mtHsp40 depletion are comparable to those of other kDNA replication proteins described in the T. brucei model system. Comparison of the obtained phenotypes in terms of kDNA loss, impaired minicircle replication, and their recatenation, as well as the strong decline in maxicircles, led to the identification of proteins that may function at the same step of kDNA replication and may be potential partners of these chaperones. A common feature of the proteins identified so far-DNA primase 1 (57), mtDNA polymerases IC (54) and ID (55) , and kDNA origin of replicationbinding protein p38 (53)-is that they all function in the beginning of kDNA replication. The latter protein may somehow facilitate priming, as it was shown not only to bind kDNA but also to stabilize mtRNA (79) . The observation of similar effects on kDNA upon the depletion of either mtHsp70 or mtHsp40 supports the hypothesis that the two proteins cooperate with each other and participate in kDNA replication and maintenance, yet the complexity of these processes in T. brucei, supported by uniquely numerous primases (57, 80) , ligases (81) , helicases (76, 78, 82, 83) , and DNA polymerases (54, 84, 85) , imposes limits to direct comparisons.
Depletions of mtHsp40 and kDNA replication enzymes result in very similar growth phenotypes (53) (54) (55) (56) (57) . However, the downregulation of mtHsp70 causes a significantly stronger growth effect, which is likely caused by a combined effect on several processes disrupted in parallel, such as general chaperone function and folding (7-9), Fe-S cluster biogenesis (10, 11) , and mt protein import (12) . Therefore, it was necessary to address the issue of whether kDNA loss is truly the primary phenotype caused by the lack of this multifunctional protein. Due to the general importance of the chaperone function, to ensure proper protein folding, a typical cell has not relied within its mitochondria on a single protein but has evolved a complex chaperone-protease network (86) . While under normal conditions, the chaperone function is dispensable, under heat shock conditions, mtHsp70 and mtHsp40 are required for proper mtDNA polymerase activity (36, 37) . Similarly, when grown at standard temperature, growth retardation of a yeast mutant defective in Ssc1 is restored if its importation, but not its folding functions, is corrected (9) .
By evaluating the impact of mtHsp70 depletion on various processes, including Fe-S cluster assembly, we showed that threonine dehydrogenase, an enzyme independent of clusters, remained active, whereas the activity of the cluster-containing aconitase dropped significantly. However, downregulation of any of the three screened key components of the Fe-S cluster assembly pathway (65) (66) (67) had no impact on the kDNA content and structure, although numerous DNA replication proteins are known to require clusters for their activity (87, 88) . Similarly, the impairment of mt protein import via the ablation of Tim17 (14, 61, 62) did not trigger the loss of kDNA. Hence, the observed drastic alterations of kDNA in trypanosomes depleted for any of the studied mt chaperones are tightly associated with their function in kDNA replication and maintenance. Our report is also relevant from the evolutionary point of view. So far, similar analyses have been performed only in members of the supergroup Opisthokonta, while T. brucei is a member of the likely ancestral supergroup Excavata. Hence, this report confirms the very high conservation and importance of mtHsp70 in mtDNA-related functions in eukaryotes in general.
Based on the interpretation of our results and the analysis of the existing literature, we propose the following hypothesis as to how mtHsp40/mtHsp70 machinery functions in the mitochondrion. MtHsp40 binds to the organellar DNA and recruits mtHsp70 to it. With the support of Mge1, these proteins then remodel and activate the mtDNA replication machinery. In the first step, a protein with specific binding to the origin of replication is recruited which functions as the DnaA protein in prokaryotes. This protein enables helicase to unwind the DNA and facilitate loading of primase and, subsequently, mtDNA polymerase. From the available data, we cannot determine the exact step in which the chaperones are involved and or rule out the possibility that they are required for the whole process of replication initiation. In summary, our results reveal for the first time that the mtHsp70/mtHsp40 machinery retained its role in DNA replication and maintenance acquired by their bacterial ancestors.
MATERIALS AND METHODS
Cell culture and generation of RNAi and PTP-tagged cell lines. Procyclic T. brucei strains 29 to 13 were grown in SDM-79 medium containing 10% fetal bovine serum, 15 g·ml Ϫ1 geneticin, and 50 g·ml Ϫ1 hygromycin. For RNAi, gene fragments of mtHsp70 (Tb927.6.3740, Tb927.6.3750, and Tb927.6.3800), mtHsp40 (Tb927.9.12730), and Mge1 (Tb927.6.2170) were PCR amplified from the T. brucei genomic DNA using primers listed in Table S1 in the supplemental material. In case of mtHsp70, transcripts of all three mtHsp70 genes present in the genome were targeted. The PCR amplicon was gel purified, digested with indicated restriction enzymes (see Table S1 ), and ligated into the p2T7-177 vector predigested with the same enzymes. All plasmids were linearized using NotI, electroporated, and selected as described elsewhere (64) . RNAi cell lines with targeted IscU, frataxin, Isd11, or Tim17 have been described previously (60, (64) (65) (66) . The "severe" phenotype mtHsp70 cell lines were obtained by electroporating the corresponding gene fragment within the pLew100 vector into the T. brucei 427 SiMP single-marker cell line (14) . RNAi was induced by the addition of tetracycline (1 g·ml Ϫ1 ) to the growth medium, and cell densities were measured using a Beckman Coulter Z2 counter every 24 h over a period of 7 to 12 days after RNAi induction.
For integration of the tandem affinity purification PTP tag into the endogenous gene locus, the amplicon was ligated into the pC-PTP-Puro vector (89) (for primers, see Table S1 in the supplemental material). Prior to electroporation, vectors containing the mtHsp40, mtHsp70, or Mge1 gene were linearized within the inserted gene sequence with restriction enzyme SphI, BlpI, or XhoI, respectively, and puromycin was used as a selection marker. In the case of mtHsp40, RNAi cells for the corresponding gene were used as a parental cell line.
Expression of recombinant TbMge1, antibody generation, and Western blot analysis. The PCR amplicon containing the full-size TbMge1 gene was gel purified and cloned into the pET/100D-TOPO expression vector (Invitrogen). The resulting expression plasmid encoding His 6 -tagged Mge1 was transformed into the E. coli BL21(DE3) Star strain (Novagen). Soluble protein was obtained from induced bacterial cells (incubation at 37°C for 3 h and induction with 0.5 m IPTG [isopropyl-␤-D-thiogalactopyranoside]) using ProBond nickel-chelating resin (Invitrogen). Polyclonal antibodies against TbMge1 were prepared by immunizing a rabbit following an immunization protocol described elsewhere (90) .
For Western blot analysis, cells were harvested by centrifugation and lysed in hot Laemmli sample buffer. Lysates equivalent to 5 ϫ 10 6 cells were separated by 12% SDS-PAGE, blotted, and probed with the following antibodies: monoclonal antibody against mtHsp70 (58), commercial anti-protein A antibody (Sigma-Aldrich), and polyclonal antibodies against TbMge1 (this work), MRP2 (64), Nfs1 (65) , and enolase (kindly provided by P. A. M. Michels). The antibodies were used at 1:1,000 dilutions, except the anti-protein A antibody, which was used at 1:5,000. The secondary anti-rabbit IgG antibodies (1:1,000) and anti-rat IgG antibodies (1:1,000) coupled to alkaline phosphatase or horseradish peroxidase were visualized according to the manufacturer's protocols using Clarity Western ECL substrate (Bio-Rad).
Subcellular fractionation and enzyme activity measurements. The cytosolic and mt fractions were acquired by a digitonin fractionation procedure described elsewhere (65) . All enzymatic activities were measured spectrophotometrically as described previously (66) . Briefly, in both subcellular compartments (cytosol and mitochondrion), aconitase was measured at 240 nm via the production of cis-aconitate from isocitrate. Activity of threonine dehydrogenase was established at 340 nm as the rate of NAD ϩ reduction.
Immunofluorescence microscopy. Cells in logarithmic phase were harvested at 1,000 ϫ g for 5 min, resuspended in phosphate-buffered saline (PBS), and adhered to poly-L-lysine (1:10)-coated slides for 5 min. They were fixed in 4% paraformaldehyde for 5 min and washed three times (for 5 min each time) in PBS containing 0.1 M glycine (pH 7.4), followed by permeabilization with methanol overnight at Ϫ20°C. Next, cells were rehydrated in PBS 3 times for 5 min each time, followed by blocking in PBS containing 1% bovine serum albumin (BSA) and 0.1% Tween 20 for 60 min. Afterward, incubation in PBS containing 1% BSA with anti-protein A antibodies (Sigma), anti-mtHsp70 mouse monoclonal antibodies (58), or rat monoclonal antibody YL1/2 (Abcam) followed for 60 min, at dilutions of 1:5,000, 1:100, or 1:3,000, respectively. Cells were then washed 3 times in PBS containing 0.1% Tween 20 and incubated for 60 min with secondary goat anti-rabbit antibody Alexa Fluor 594 or goat anti-rat antibody Alexa Fluor 488, both diluted 1:250 in PBS containing 1% BSA. DNA was stained with 3 g/ml DAPI, and slides were washed 3 times in PBS prior to mounting in Vectashield (Vector Laboratories). When Mitotracker staining was performed, cells were incubated in a medium supplemented with 200 nM Mitotracker Red CMX (Molecular Probes) for 20 min prior to harvesting.
For TdT labeling, cells were incubated for 20 min at room temperature in 1ϫ TdT reaction buffer (Roche Applied Science) containing 2 mM CoCl 2 after permeabilization with methanol and rehydration in PBS. Next, cells were labeled for 60 min at room temperature in a 20-l volume of reaction mixture (1ϫ TdT reaction buffer, 2 mM CoCl 2 , 10 M dATP, 5 M Alexa Fluor 488-dUTP, and 10 U of TdT), which was stopped by the addition of 2ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate). Finally, after 3 washes in PBS, slides were processed for immunolocalization as described above.
Transmission electron microscopy. The pellet of cultured cells was mixed with a drop of 20% BSA and centrifuged at 1,000 ϫ g for 30 s. A small drop of about 1 l containing a compact cell pellet was transferred into a gold-plated flat specimen carrier (Leica) (thickness, 0.5 mm; diameter, 1.2 mm; depth, 200 m) and frozen using a high-pressure EM PACT2 freezer (Leica). After freezing, the samples were transferred into special containers filled with a freeze substitution medium (2% OsO 4 -100% acetone) precooled to Ϫ90°C by liquid nitrogen in an AFS device freeze-substitution system (Leica). Samples were freeze substituted starting at Ϫ90°C for 96 h, followed by warming at 5°C per h, for 14 h, to Ϫ20°C. After 24 h at Ϫ20°C, samples were warmed using a step of 3°C per h for the following 8 h. After 18 h at 4°C, the procedure finished and cells were rinsed 3 times in 100% acetone at room temperature and infiltrated in a mixture of acetone/resin Epon (SPI) media (2:1, 1:1, and 1:2 for 1 h at each step). After an overnight incubation in pure Epon resin, specimens were embedded in fresh resin and polymerized at 62°C for 48 h. Ultrathin sections (thickness, 70 to 90 nm) were cut using an ultramicrotome (UCT; Leica) and collected on copper grids. The grids were contrasted in ethanol-containing uranyl acetate and lead citrate and observed in a JEOL 1010 TEM at an accelerating voltage of 80 kV. Images were captured using a Mega view III charge-coupled-device (CCD) camera (SIS).
DNA isolation and Southern blot analysis.
Total DNA was isolated from 1 ϫ 10 8 cells using Purgene core kit B (Qiagene). For Southern blot analysis of kDNA minicircles and maxicircles, total DNA was subjected to Southern blot or slot blot analysis. Briefly, 1 vol of DNA (from approximately 1 ϫ 10 6 cells) was denatured by the addition of 1 vol of 0.3 N HCl for 10 min and then neutralized by the addition of 10 vol of 0.4 N NaOH and 25 mM EDTA. Afterward, the sample was applied to the membrane using a dot blotter and washed by 2 vol of 20ϫ SSC. A UV cross-linked membrane was used for hybridization.
For analysis of free minicircle replication intermediates, total DNA was fractionated on a 1.5% agarose gel for 16 h at 2.4 V·cm Ϫ1 with 1.0 mg·ml Ϫ1 ethidium bromide in the gel and Tris-borate-EDTA running buffer (the buffer was recirculated). Fractionated DNA was processed using standard depurination, denaturation, and neutralization treatments, transferred to a GeneScreen Plus membrane using capillary transfer, and then subjected to UV cross-linking. Membranes were probed with maxicircle-, minicircle-, and ␣-tubulin-specific random primed 32 Pradiolabeled PCR products. The primers that were used are listed in Table S1 in the supplemental material. Genomic DNA was used as a template for the maxicircle and tubulin probes, while the minicircle probe was amplified from the pJN6 vector containing the full-length T. equiperdum minicircle sequence (91) . Hybridizations with the maxicircle, minicircle, or tubulin probes were carried out overnight at 42°C in 50% formamide-5ϫ SSC-10% dextran sulfate-1% SDS-1ϫ Denhardt's solution-0.2 mg/ml salmon sperm DNA. Blots were washed twice for 5 min at 42°C consecutively in each of the following solutions: 2ϫ SSC, 1ϫ SSC, and 0.1ϫ SSC plus 0.1% SDS. Stripping was performed by incubating the membrane in boiling 0.1% SDS for 10 min. Images were obtained by the use of a Typhoon 9210 Molecular Dynamics PhosphorImager (GE Healthcare), and the results were quantified in ImageJ software and normalized against the tubulin signal.
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